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[Article by Masahiro Kurabayashi and Koshin Yanagiya, Tokyo

Industrial Testing Laboratory, Sixth Department, Nakameguro,

Ieguro-ku, Tokyo; Tokyo, Kogyo Kagaku Zasshi(Journal of

Industrial Chemistry), Japanesei!~Vol.71, No.7, 1968,

pp 984-989]

Abstract

With respect to the problem of instability of liquid

hydrocyanic acid 'during storage, and the breakage of containers

due to polymerization and the rapid progress of polymerization,

clarification of the causes, inhibition of polymerization,

and prediction of danger, we proceeded in our investigation

by sealing hydrocyanic acid with stabilizing agents and others

related matter in . small glass ampules, maintaining them

at 60°C and then observing any changes in the contents.

The results showed that first among unstabilizing

reactions was hydrolysis due to moisture contained in the

ampules, followed by the reaction forming the blackish-

brown polymer initially at the container walls in contact

with the gaseous phase(reaction promoted by oxidizing agents),

- 1 -



and the secondary de-ammoniation condensation of the polymers

releasing ammonia gas(*2). It was found that acids with pKa

less than 3 were generally effective as stabilizing agents,

particularly sulfuric acid and acids with :reducing properties,

and also oxyl,acids which were very effective. Two or three

reducing type substances used in conjunction with the acids

was found to enhance the effectiveness, and that oxidant

substances were actually harmful. Furthermore if was found

that the progress of the de-ammoniation condensation and the

accumulation of polymerization heat due to the insulating

effect of the polymers were directly responsible for containelr

breakage. Based on these res~ults, safety measures for the

storage of liquid hydrocyanic acid were studied.

1. Introduction

Hydrocyanic acid as a liquified gas tends to poly-

merize during storage, changing from yellow to a redish-

orange color, and eventually precipitating a blackish-

brown polymer, with the polymerizing proceeding so vigorously

sometimes as to destroy the container. There have already

been a number of studies pertaining to these characteristics

of hydrocyanic acid performed from a number of different

viewpoints(1)-(4), such as investigation of the unstabilization
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(degredation), with long storage or heating, the accelerated

progression of the polymerization reaction, the sudden rise

of temperature and pressure within containers, and also the

relation of moisture and other impurities to the former, but

no conclusions have been obtained sofar concerning the mechanism

of unstabilization and the accelerated progression of the

polymerization. It has been long known that acidic substances

and copper powder are effective as stabilizers and they have

been widely used in practice. Although Aoyama's(5) broad

investigation over a long period of time, particularly on

relative effects, hasiclarified many points, there are still

many unresolved problems such as concerning acid strength,

dosage, combined usage with reducing agents, and relation

to the stabilizing effect.

On the assumption that this polymerization reaction is

similar to the reaction forming a blackish-brown substance

(azurmic acid) when an alkali is added to hydrocyanic acid,

the authors investigated(6)(*2) the mechanism of the alkaline

polymerization of hydrocyanic acid, and the structure and the

properties of the polymer products. In the present report will

be presented an analysis of the various~,, mentioned problems

associated with unstabilization and polymerization resulting

in container breakage, and the results of research performed

tb-develop stabilizing agents and standards of dosage.
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2. Experimental Method

2.1 Samples

With respect to the hydrocyanic acid and the tetramer,

pure products described in the previous report(*2) were used,

and in the case of the blackish-broown polymer, the intermediate

order polymer with mean order of polymerization of 40.7 which

was insoluble in ethanol but soluble in phenol was used.

Mostly commercial EP grade products were used in the case of

reagents, oxidants, reducing agents, formamide, and ammonium

formate, but in the case of hypophosphorous acid and phosphorous

acid, a calculated amount of concentrated sulfuric acid was

added to the sodium salts, the freed acid then extracted

with ethanol, and carefully concentrated in a platinum dish

to produce a crystal(no crystal but a very viscous fluid in the

case of the hypophosphorous acid), which was then considered

to be 100 percent free acid. In the case of sulfur dioxide,

commercial grade gas in a pressure container was used.

2.2 Ampule Storage Test

This test was conducted with pyrex ampules of

about 2 ml capacity such as shown in Figure la, which were

initially immersed for 8 hours in a chromic acid-sulfuric

acid bath at 1000C, then washed with pure water, air-dried,

first filled with stabilizer, other reagents and water,

finally filled with 1.0 ml of anhydrous hydrocyanic acid while

chilling, as much of the air replaced with nitrogen as possible,

and the ampule then sealed at the end. A number of ampules
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prepared in this fashion were then placed in a constant

temperature air, bath with double glass windows such as shown

in Figure 2, the internal temperature was* '>maintained at

60+10 C for prolonged periods, and changes in the contents of

the ampules observed through the thick glass plate. The

results of observation were described by means of Aoyama's

method of color tone representation(5). In comparing the

results of this experiment swith those performed by Aoyama,

even though the same representation might have been obtained,

there could be considerable difference in the progress of the

polymerization due to the difference in the contents of the

ampules. In order to measure the variation in temperature within

the ampules during polymerization, ampules such as shown in

Figure lb with a thermocouple insert tube were prepared, and

the temperature variation at roughly the center of the ampule

was recorded with the differential thermocouple.
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(i(; 6j.;

Figure 1. Glass ampules for storage test.

Figures in the diagram indicate mm.

a: For general use, b: For temperature measurement.

Figure 2. View of storage test.
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3. Experimental Results

3.1 Outline of Storage Test

Storage tests can be roughly classified into

two categories, those in which the rapid rise in internal

temperature and pressure at high temperatures such as 100° -:¥~?i

183.50C(critical point) over a period of hours to days is

recorded(1)(2)(3), and those in which the change in content

at a normal temperature of about 500 C is observed over a long

period of months to years(2)(4)(8). Since we were interested

in the safety aspects of storage, ire chose a temperature of

600C, which is close to normal temperature but which at the

same time would produce results in a relatively short period

of time. Normally test containers were hard glass containers

of 100 to 200 ml capacity(2)(4), or small iron pressure vessels

(1)(2)(3)(8), but glass ampules(*I4) were used in the present

experiment to enable detailed observation of the contents.

Also in order to avoid danger, the charge of hydrocyanic acid

was limited to 1.0 ml(0.7 g). Since water is a common impurity

to hydrocyanic acid, and since it has already been pointed.>

out that it is related to unstabilization(1)(2)(3), the

contents of the ampules were always prepared so as to contain

3 percent of water.
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Although the apparent change in the contents of the

ampules would vary considerably in time with the differences

in stabilizers and other agents added to the ampules, generally

a definite progression of events was followed, a typical

progression being shown in Figure 3.

VII l III 

I:l . :E' -'- ']e

0 A i -C 1 V1 I *; 1 II

Figure 3. Outline of progress in storage test.

a: case of inadequate moisture.

b: case of adequatemoisture.

* Aoyama's color tone representation(O-H)(5).

Key: (1) Colorless, (2) Light yellow. (3) Yellow.

(4) Orange. (5) Brown. (6) Blackish-bromwn.

(7) Drying ended. (8) Destruction completed.
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In the diagram, I shows no apparent change, and this may

cover a period of days to months. II indicates a state at which

the liquid starts to showr color, and usually at the same time

oz even before, there is always the formation of a brownish

solid on the wall just above the fluid level. The change from

II to III iszrtelatively slow, but the change from III through

VII occurs at a rapidly accelerated pace. The change from

VI to VII' to VIII' is very prominent with increasing amount

of moisture, and a bulky precipitate forms not only at the

bottom and along the walls, but sometimes throughout(&the.iL_

liquid, at which time the ampule sometimes breaks. With

respect to reproducibility of the experiments, it is relatively

good withindia batch of ampules which were all charged at the

same time, but between different series, there is an error

of about 10 percent. For reference in interpreting the

experimental data to follow, the series of ampules charged

at the same time in this test were Nos.1-6, ?7-34, 35-62, and

63-79.

When the internal temperature measuring type ampule,

such as shown in Figure lb, was charged wthhydrocyanic acid

containing 3 percent moisture, and stored at 600 C, there

was a 190 C rise in temperature in the transition from

VI to VIIM as can be seen in Figure 4.
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N -0

5I l fi I5 I It (hr)

Figure 4. Rise in internal temperature of ampule

due to polymerization. (H2 0 3%)

a: Precipitate adheres.to internal wall(V, F).

b: Precipitate covers entire inner wall(VI, H).

c: Precipitate spreads throughout liquid(VII', H).

d: Dries out(completion).

e: Internal temperature of ampule containing isopropyl

alcohol which was inserted in constant temperature bath

as a compensating cell.

Key: (1) Ampule internal temperature.

(2) Storage time.

Although it was not feasible to check the contents of

the ampules in storage at every stage of the change, some spot

checks were made. For example, an ampule which had changed

color to stage IV in Figure 3 was opened, the liquid phase

evaporated, and a trace of brownish viscous substance obtained.
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Both the evaporated matter and the residue were tested by

paper chromatography(9) and the corrosive sublimate method(10)

for formicaaoid-, with negative results. Next, the ampules(VIII),

in which the polymerization was completed, were broken

open in a vacuum, the gases thereby generated, when analyzed

by a previously reported method(*2), were found to consist

of a few ml of ammonia and a small amount of carbon monoxide.

The infra-red spectrum of the residual polymer was found to

be identical to that of the blackish-brown polymer produced

by the alkaline polymerization of hydrocyanic acid, and a

minute amount(0.1 to 100 ppm of residue) of formic acid was

found in the ethanol extract of the residue.

3.2 Comparison of Stabilizers

3.2.1 Acids

Although a number of acids have already

been tested as stabilizers, wve conducted storage tests here'ecat

6008C with some twenty readily available acids, which could

be roughly grouped into four series of acids, those currently

in use, those with continuously varying dissociation constants,

those acids with reducing properties, and those with hydroxyl

radicals. As can be seen from the results in Table 1 and

Figure 5, the stabilizing effect roughly conforms to the

dissociation constant in the case of weak acids, but as the

dissociation constant surpasses 10- 3, the increase in

stabilizing effect is retarded somewhat, with the effect
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even decreasing to some degree in the case of strong

acids such as hydrochloric acid. On the other hand, even

among the strong acids, the stabilizing effect was particularly

strong in the case of sulfuric acid, but low in the case of

nitric acid. In contrast in the case of reducing acids,

with the exception of sulfur dioxide, the stabilizihng effect

was better than that of the normal acids with the same

dissociation constant, and in the case of hypophosphorous

acid, which had the highest stabilizing capability, it had

an optimum acidity of Ka=10-1 and also reducing ability.

The oxy- acids such as tartaric acid and saliccylic acid were

also found to have stabilizing capability somewhat superior

to that of corresponding normal acids.

I : '''-I _ , 762

(H
2
0 3%, acid 0.07., 600 C)

Figures in diagram correspond to test numbers in Table 1.0°C)

0: normal acid, o: reducing acids, : oxy-acids,

~L--.: no acid added.
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Table 1. Storage test results(Part 1)-Comparison of acids.

(3 O F li j9 ~I (day)ri. R : -- d-
) 13I C 1) E 1 ; 1 1 

P: I, .- 0.1 0.3 0. 7 1 2 3
9 8 , 8 226 23:1 234 236 247 248 250{ 2.148

13 9 y ht 7.198 57 64 68 69 71
11.75

15 -'0lt'f1 1 37 40 44 47 48 49

16 F'c1i 89 v' 0. 996 247 257 272 297

17 0ll 9- { > 77 91 941 97

18 .'E R 0 9.4 0.17 0.4 3 4
19 8e 80 3.752 8 40 47 49

20 . 1 F, 8J4. 261 223 227 229 233

40 t h 4 7 11 16
41 01 ' 0.05 0.25 0.33
42 M ht 2.3 38 47 51
43 80 80 4.756 0.2 1

45 > 9 8 ff 5.032 0.1 0.2 0.33

46 1 6 3225 45 47 51 52
6.225

2.837 66 6747 .v r ,1 5.693 66 67
49 /AA7A' 2.95F

9 R 5.408 39 43 47 52

50 "-'=1P7 7.2 0.1 0.33

3.128
62 ' : P >'' i 4.761 129 196 197

6.396
73 a- jF) li 8 3.036 121~77~ ~430 19 - 274121

77 -89 ,,v 2.754 126 134 154 177

310 322 325 329

99 100 101

5 6 7 8 10
61 65 69 70

234 238 242 243 244

20 30 37 39 51
1 3 3 4 10

53 57 58 59
2 3 4 5 10

1 2 2 10

54 56 57 58

72 73 74

54 56 59

1 2 5

198 199 200

121 122

201 207 210 210 212

4A 7 7' a- 7 4./ 3 wt% ,17 k-y4>k6k, ?.1: 0. 07 wt%jil0, iZO. i t I
60'C.

b) C.Fc~ t ib.,0ta.vl 25C No.17 18C, No.17 I 1OC, No. 77 1,. 30C. Ei

4·'k"-i<3l. '"'4!W if :4 ',,XI II"., (,:L (1966) p. 1054.
c) 7vI:.O9 . ?F11'I:2, i'illh;:FIWi:;: : '. A-I-

Key: (1) Type of acid.[Nos.correspondto thos e in table.]

9-Sulfuric acid

13-Phosphoric acid

15-Sulfur dioxide

16-Hypophosphorous acid

17-Phosphorous acid

18-Arsenous acid

19-Formic acid

20-Oxalic acid

40-Hydrochloric acid
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41-Nitric acid

42-Arsenic acid

43-Acetic acid

45-Trimethyl acetate

46-Anhydrous maleic acid

47-Malonic acid

49-Anhydrous phthalic acid

50-p-nitrophenol

62-Citric acid

73-Q(-tartaric acid

77-Salicylic acid

(2) Acidity constant.

(3) Time lapsed.

(4) Comparison.

(5) Polymerization completed.

(6) Footnotes- (a) Each ampule contains hydrocyanic

acid containing 3 wrt% of wJater, with 0.07 wt% of

acid added, storage temperature 60°C.

(b)25°C unless otherwise noted. No.17 is 180 C, No.77

is 300C, Reference is Kagaku Binran Kisohen II

(Chemistry Handbook, Fundamentals-Vol.2), Maruzen,

1966, p.1054.

KC (c) Apparent color tone of ampule, following

Aoyama's(5) representation, A-H.

(d) When blackish-browen polymer is dry and the liquid

phase is absent.
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Next in Figure 6 is shown the relation between acid

dosage, the commonly used sulfuric and phosphoric acids

being chosen in this case, and the days required for the

completion of polymerization at 600C.

0

200

/oII

1d.100

0 ,.1 0(.2

', ~ ~o9 1J1I· (wt~)

Figure 6. Relation between acid dosage and stability.

(H20 3%, 60°C)

9: Phosphoric acid, o: Sulfuric acid.

Key: (1) Time for completion of polymerization.

(2) Acid dosage.

It is seen that there is a linear relationship between

acid dosage and the time required fort complete polymerization

in the case of the phosphoric acid, but that in the case of the

sulfuric acid, a higher dosage does not necessarilly yield a
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proportionate increase in effectiveness as a stabilizer.

It is seen that the intersection of these curves with the

ordinate axis is in the vicinity of 60 to 80 days, which

corresponds roughly to the time it takes hydrocyanic acid,

containing 3 percent moisture, to polymerize completely.

In comparison, the small value of three days given for the

comparison test(no additive) in Table 1 is probably due to

some alkali dissolving out from the seal section of the

ampule and accelerating the polymerization reaction.

3.2.2 Influencb of ~Oxidiziing: and Reducing Agents

on the Stabilizing Effect of Acids

Concentrating on the fact that acids with

reducing properties have a superior stabilizing effect,

several substances with oxidizing or reducing characteristics

were chosen for testing, with 0.5 wJt% of these substances

being added to the hydrocyanic acid which had already been

stabilized with 0.07 rwt% of phosphoric acid. These samples

were subjected to the storage test, and the combined effect

of the additive and the acid were studied.

According to Table 2, benzoyl peroxide, which is

known to be one of the active agents for starting

polymerization by radical polymerization, supresses the

stabilizing effect, but C(, oC'-azobisisobutylonitrile, which

is known to have softer action, hardly has any effect.
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Table 2. Storage test(Part 1)., Effect of oxiding and reducing

agents.

i No ' ' a n5 L 1I: (daly)

13 C D E F G -

13 -- 57 i64 68 7
34 A61iL-Z.:. v , 4 5 7 10 12 27 28 30
54 on'-7~2 51

5 7'-4 ~ -1; Vp, 40 51 53 59 60 62 64
33 ,- . 3 G.52: 9 ] : 61 63 64 6529 I' r T- :/ 77 85 89 90 91 93
32 4f * t f0 75 85 115 117 119 120 121 129
30 -:*;A 7-)tti 1' 61 64 65 66 76 81
52 A ,7 L y'f 1 r 45 51 53 73 79 8,1 88 89

I53 z-;v 7)1r' 1 1- 43 44 48 67 73 112 125 128
:)a) *X 3.0wt%, P vfi0 0.07 wt%, 60t.
" b) O.5wt, tll. j_

Key: (1) Additive[keyed to Nos. in table.]

13-.........

34-Benzoyl peroxide

54- o(, cL' -azobisisobutylonitrile

33-p-benzoquinone

29-hydroquinone

32-sulfur powrder

30-formaldehyde

52-paraldehyde

53-benz.aldehyde

(2) Time lapsed.

(3) Completion of polymerization.

(4) Footnotes: (a) Water 3.0 wt%, phosphoric acid 0.07 wt%,

60°C.

(b) 0.5 wt% added.
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On the other hand, hydroquinone, which belongs to a group of

relatively powerful suppressors, and sulfur powder(which effect

was discovered by Onoda)(4) both enhance the stabilizing

effect of the phosphoric acid. Among others, the aldehydes

seem to have some multiplying effect in conjunction with the

phosphoric acid, the benzaldehyde having the clearest effect.

These reducing substances also tend to extend the time of

complete polymerization measured from the time coloration

l3 first observed.

3.2.3'Heavy Metal Powder

In Table: 3 aAre shown the results of testing

in which 1 wt% of four ditfferent heavy metal powders were

added to the hydrocyanic acid containing 3 wt% of moisture.

The fact that iron and tin powders have no stabilizing effect,

but that copper and zinc powder are effective agrees with the

experimental results obtained by Aoyama(5) and Hatano et al(11).

Table 3. Storage t'est(Part 3)-Effect of heavy metals.

No. )t ' 1 A' tI , 08 4: (day)

A 13 C 1) ,. ' C 

21 4, 121 128 130 131
22 .-. M 40 41 42 43
23 St 0.25 1 4 5 5 6 7 8 10
24 7 "I 0.2 0.4 3 3 4 4 5 5 10
a) * 3.0wt%, A14QJ I.1Owt%, 601C

Key: (1) Heavy metal powderE[Nos.correspond to those in table.]

21-Copper

22-Zinc

23-Iron

24-Tin
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(2) Time lapsed.

(3) Completion of polymerization.

(4) Footnotes: (a) Water 3.0 wt%, metal powder 1.0 wt%,

60°C.

3.2.4 Heavy Metal Salts

In Table 4 are shown the results of adding four

different heavy metal chlorides at the rate of 0.2 wt%. As

already pointed out by Aoyama(5) and Hatano(11), these salts

have a considerable stabilizing effect, the zinc chloride

being particularly superior. Also with the addition of such a

small amount as 0.2 wt%, most of the salt in each of the cases

dissolved in the hydrocyanic acid with only a slight noticeable

precipitate.

Table 4. ,Storage test(Part 4)-Effect of heavy metal salts.

No. f? 14 '
A I' C I) n I <; u JrtLi

25 J114,.~l, I 57 61 65 75 76 77 79
26 .,t 4 i lli 10 0 -0 --1) 202 203 20 208 )!)
27 t0IifLi' 84 85 91 94 97
28 ttHL= * J1· 89 !)0 91 93 99 100 103
a) *y 3.0wt%, U..4it 0.2wt% si.lJI, 60tC.

Key: (1) Metal salt[Nos.correspond to those in table.]

25-Cupric chloride

26-Zinc chloride

27-Ferric chloride

28-Nickel chloride
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(2) Time lapsed.

(3) Completion of polymerization.

(4) Footnotes: (a) Water 3.0 jwt%, metal salt 0.2 wt%,

60(b) Color vanishes several times in this interval..

(b) Colo'I vanishes several times in this interval.

3.3 Effect of Hydrocyanic Acid Related Substances

on Destabilization

Substances which could easily coexist or rwhich

might have the probability of existing with liquid hydrocyanic

acid in storage would include in addition to water, the

hydrolyzed products of hydrocyanic acid such as formamide

or ammonium formate, the alkaline polymerized products

such as the tetramer and the blackish-brown polymer, and in

Table 5 are shown the results of storage test at 609C~ with small

amounts of these related substances added to the hydrocyanic

acid which has already been stabilized by phosphoric acid.

It is seen that all of these substances tend to reduce the

stabilizing effect of the phosphoric acid, the blackish-brown

polymer particularly having a strong action, followed by

ammonium formate, while the actions of formamide and the

tetramer are fairly weak.
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Table 5. Storage test(Part 5)-Effect of hydrooyanic acid related

substances.

@ a ~~~A n c D r GI F'j 

3 * 57 6 4 68 69 71
55 ,t*,, 7'A - I: 0.25 32 37 41 43 47 48 51 52
56 j, h 7' 0.50 13 17 23 28 32 35 37 38

J,~,~, e 0.25 0.2 0.3 1 1 3 4 1 ii 13 16

.58 h 0. o) 0.2 1 1 2 4 7 13 17
59 h1 1, Ml: 0. so 0 2 7 37 38 39
60W M,,, ( -. 1if-, Pi9o. 25 - - 1 2 5
61 !1.he., 1ff1iffi10(). 50 - - 0 0.2 3o. 0.2 ] 3
y1)) ,k 3 :(wtX, !1 : / 0.07w vt, 60Ot.

Key: (1) Additive[Nos.correspond to those in table.]

13.............

55-Formamide

56-Forrmamide

57-Ammonium formate

58-Ammonium formate

59-Tetramer

60-Blackish-brown polymerz

61-Blackish-browm polymer

(2) Time lapsed.

(3) Completion of polymerization.

(4) Footnote: (a) Water 3.0 wt%, phosphoric acid 0.07 vwt%,

60°C.
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3.4 Effect of Hydrogen Peroxide and Other Substances

on Hydrocyanic Acid

Since it was found that benzoyl peroxide hindered

the stabilizing action of acid, the experiment shown in

Figure 7 was performed to see whether peroxides had any

direct action on hydrocyanic acid or not. In the diagram,

a small pyrex glass container holds 1.0 ml of hydrocyanic

acid and-a small amount of the peroxide, the flask being

immersed in a 30°C constant temperature bath, and changes

in the ~content of the flask were observed with the circulating

cooling device attached.

il. ~ --.

Figure 7. Device for reaction of small amounts of

hydrocyanic acid.
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As can be seen from the results in Table 6, hydrogen

peroxide has a strong action on polymerization of hydrocyanic

acics particularly in the gaseous phase or on the container

walls in contact with the gaseous phase. In contrast,

benzoyl peroxide had no polymerization action inside of

28 hours.

Table 6. Action of peroxides on hydrocyanic acid.

Key: (1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

No. /,~ } !lf: fir) -
¢wtS) .... ..... _ /) ...

IJ-I '4. I -2(;t . .27t P-

U-8 JAI_ RffllstjgL,~U-8 - f di8L-'4 0.71 2 0 ;'r JI t'r l:0_

U-9 1.0 1.14 28

a)6j Sot ~30. 1Jl!. /

Wat er.

Perioxide.

Time lapse.

Coloration discovered.

Black precipitate discovered.

Remarks.

Bromwn solid produced profusely on exposed walls of

container, while liquid phase is colorless.

Experiment terminated at 20 hours.

Experiment terminated at 28 hours.

Hydrogen peroxide.

Benzoyl peroxide.

Footnotet(a) Bath temperature 30°C, boiling point

treatment.
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3.5 Action of Ultraviolet Rays

A quartz glass ampule of about 1.5 ml capacity

was roughly half-filled with anhydrous hydrocyanic acid, sealed,

and then exposed to intermittent radiation from a Tokyo Shibaura

make mercury lamp, type SHL-100 UV, brightness 1500 cd/cm2,

at a distance from the light source of 14 cm. The test showed

that coloration was observed after 23 hours of irradiation, and

the black precipitate was formed after 223 hours. Upon allowing

the ampule to stand at room temperature without irradiation,

the polymerization was observed to progress, attaining

complete polymerization after about a month.

4. Discussion

The principal reaction occurrirg in the polymerization

of standing anhydrous hydrocyanic acid is almost definitely

alkaline anion polymerization, based on the nature of the

products which are formed in the polymerization. There must

therefore exist some destabilizing reaction, prior to occurance

of the polymerization, which tends to make the hydrocyanic

acid alkaline.

In the standing storage tests, a blackish-broNn polymer

has been observed to form on the container walls above the

liquid level once the stable period has past, and generally

coloration of the liquid phase arises from this formation

being washed dowmn from the walls by the condensate of hydrocyanic

acid. On-, one hand, the stable period of hydrocyanic acid,
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which has been acid stabilized, is shortened by the addition

of benzoyl peroxide, but extended by the addition of reducing

agents such as hydroquinone, the aldehydes, or sulfur powder(*5).

Also noting that the addition of hydrogen peroxide rapidly

produces a blackish-brown solid on the wall at the liquid

line(*6), all this evidence suggests that some form of

oxidation reaction related to the destabilization(*7) must

be occurring in the gaseous phase or at the walls.

Thatthe blackish-brown polymer generates destabilization

has been proven by Gause et al (3) and Onoda(4), and our

standing storage tests have also indicated that this

substance acts strongly to shorten the stable period, more

than any other related substance. This blackish-browm polymer

tends to emit ammonia and a faint small of hydrocyanic

acid in air(13), and Onoda has shown thatthe addition of

this substance will shift the hydrocyanic acid towards the

alkaline(4). We have further shown in a previous report t(42)

that the relatively low order blackish-brown polymers

readily emit ammonia and hydrocyanic acid upon heating or

by the action of water vapor, and that further condensation

takes place.

The above evidence seems to show that the blackish-

broom polymer promotes the polymerization of hydrocyanic

acid through the secondary de-ammoniation condensation of
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of the polymer. The fact that the tetramer has a weaker action

than the blackish-brown polymer in promoting polymerization

agrees with the fact that the tetramer has a stable conjugate

structure which does not lend itself easily to de-ammoniation

condensation.

According to Figure 6, there is a linear relation

between the dosage of phosphoric acid and the days required

for complete polymerization, but in the case of sulfuric

acid, the curve takes a downward trend. The latter phenomenum

can probably be attributed to the fact that further addition

of a strong acid such as sulfuric acid only promotes thea

production of more ammonium formate through hydrolysis.

It is knowJn(14) that hydrochloric acid has a stronger

hydrolytic action than sulfuric acid on hydrocyanic acid,

and the results of a standing test have also shown that

hydrochloric acid has less of a stabilizing effect(*8).

It was originally assumed that the hydrolysis of hydrocyanic

acid was the primary cause of a destabilizing reaction, but

from the evidence obtained in this study, polymerization

reactions at the container walls now seem to outweight hydrolysis

as the main source of destabilization. Favorable evidence

includes the fact that formamide and ammonium formate, which

are products of hyrolysis, promote polymerization less than

the blackish-brown polymer, also the fact that no ammonium

formate was discovered in the ampules which had started to

color in the standing storage tests, and also the fact that
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when a small amount of polymer was formed by the ultraviolet

irradiation of anhydrous hydrocyanic acid, no further

irradiation was necessary for the polymerization to continue.

There has been some consideration of the existance of the

isonitrile form of hydrocyanic acid to either start the

polymerization reaction or to at least be the cause of

destabilization(13)(4)L, and there could be some relation

to the previously described wall reaction, however, we

did not pursue this line of investigation.

Once coloration of the liquid phase in the ampules

is observed, the coloring thereafter deepens at an everl~

increasing pace, which is subsequently followed by the

precipitation of polymers, and the production of the

precipitates is also rapidl'yiaccelerated. It was observed

in the first report(6) that the degree of coloration for

several hours following addition of an alkali to the

hydrocyanic acid increased proportional to the time, during

which period the alkalinity of the solution also remained

constant. The apparent discrepancy between this and the

standing ampule tests is only '-the result of a great

difference in time scales of the two experiments, that is,

the coloration speed in the first report only represents

the polymerization speed at a single time point in the

standing ampule tests.
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With respect to the rise in internal temperature

and possible destruction of the ampules in the standing

storage test, considering the fact that neither the

polymers nor'tLhe hydrocyanic acid is explosive, also that

the gas emitted during polymerization is inadequate to

account for internal pressure rise as proven by Aoyama(2),

the heat of polymerization remains the only factor to be

considered. Gause et al(3) have obtained a value of 10.2

kcal/mol for the heat of polymerization under conditions

of very slow polymerization upon adding an alkali, and

we should also include the heat of secondary de-ammoniation

condensation, which was previously reported(*2). The mechanism

for ultimate accumulation of this heat of polymerization

must include, in addition to the rapidly increasing alkalinity

resulting from the de-ammoniation condensation, the heat

insulating and convection suppression effects resulting

from the formation of bulky polymer products. The bulkiness

of the polymers is particularly intimately related to the

water content, and this will be discussed in detail in a

later report.

Acids are the most suitable stabilizing agents

since they extend the period t6 coloration of the hydrocyanic

acid enormously, but it should be noted that a parallel

relation exists between the stabilizing effect in the case

of weak acids and the acidity in water solution.

- 28 -



Although this is to be expected from the work by Hatano

et al(11), who determined a parallel relationship between

the acidity, the electrical conductivity in hydrocyanic

acid, and pH reducing action for several types of acids,

the standing ampule tests also show that additives such as

p-nitrophenol which has an acidity constaant(pKa) almost the

same as that of hydrocyanic acid has almost no stabilizing

effect. Such an effect has been clearly observed only for

additives with pKa less than 5, with a very definite effect

when pKa was less than 3.

The results of the standing tests have shomw that

sulfuric acid and phosphoric acid, which are both in current

use as stabilizers, both have sufficient stabilizing effect,

and that furthermore oxalic acid, hypophosphorous acid, and

phosphorous acid, which have appropriate pKa values and also

a reducing action, would make ideal stabilizing agents.

With respect to the use of a combination of an acid and

a reducing agent, the use of sulfur dioxide with sulfuric

acid or phosphoric acid, or of sulfur powder with maleic

acid has been recommended(4), and the efficiency of using

in combination with a few other reducing substances such as

benzaldehyde has also been noted. The oxy-acids, tartaric

acid, citric acid, and salicylic acid, similar to the

reducing acids, have been found to have a stronger stabilizing

effect than what might be expected from the value of pKa alone.
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The reason for this is not clear, but considering the fact

that these acids are only weakly corrosive to metals, special

uses might be found. With respect to acid dosage, favorable

results have been reported for dosages in the range of

0.005 to 3 wt%, however, our studies show that there is

considerable effect even for small dosages such as 0.007 wt%,

such that the required objective can be achieved actually

with a very small quantity. In practice, the selection of a

suitable stabilizer and proper dosage must be judged by

the length of intended storage, the hazards of contamination

by alkalis or polymers, the degree of safety management

desired, corrosion problems, and the effect on the end use

of the hydrocyanic acid, as well as other factors.

With respect to the effect of heavy metals, Hatano et al

have shown that effective metals such as copper, silver, zinc,

and nickel reduce the pH of the hydrocyanic acid and increase

its electrical conductivity, but further details are unknown,

except that it can be surmised that either the metal or some

compound of the metal at the surface probably dissolves into

the hydrocyanic acid to produce the stabilizing effect.

With respect to the effect of the salts of heavy metals,

thestabilizing effect is probably due to the proton released

by the formation of cyanacetate in the hydrocyanic acid,

as pointed out by Jander(15).
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Aoyama has reported that the halogen compounds of arsenic,

tetralin, and tin maintain their stabilizing effect for a

number of years, but there has been no follow-up testing

of these results.

With respect to the different types:of stabilizers

available, there is no need to select a special agent unless

the storage is to be for an extended period, and generally

the selection is based on factors such as the effect on

the intended use of the hydrocyanic acid, or the corrosion

of apparatus.

In conclusion it should be noted that since ampules

were used in the present experiment, the effect of glass

cannot be neglected. It should also be noted that there

was a large difference in temperature between room

temperature and the 600°C used in the experiment, and that

a number of problems probably remain to be resolved before

the results of these experiments can be applied to practice.

However, from the standpoint of phenomena which would

bedmost significant to safety measures forl the storage of

liquified hydrocyanic acid, the following could be given:

the addition of stabilizing agents, pH(*9), coloration(*10),

periodic check of stabilizer consumption(*11), internal

temperature of container, installation of device warning
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of internal pressure rise, training for the emergency

blending or unloading of stabilizing agents, seduction of

storage temperature, the avoidance of complex-shaped

containers, the cleaning of containers before charging,

and other matters.

(Presented at Sixth Disasteqj Prevention Seminar,

January 1965. )

The authors thank Y.Ando of this laboratory for his

many helpful suggestions during the course of this study.
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